We theoretically investigate two different magnetic tunneling junctions (MTJs) with semiconductor barriers, CuInSe 2 (CIS) and CuGaSe 2 (CGS), which are the terminal compounds of recently reported mixed semiconductor barrier, CuIn 1−x Ga x Se 2 . To discuss the transport properties of these systems, we analyze complex band structures, magnetoresistance (MR) ratios, and resistance-area products (RA) by using first-principles based calculations in combination with the Landauer formula. It is found that the ∆ 1 wave functions have dominant contributions to the spin-dependent tunneling transport in both CIS-and CGS-based MTJs. We also find that the CGSbased MTJ has a much larger MR ratio and slightly higher RA than those of the CIS-based MTJ, which indicates that a larger MR ratio is expected for a higher Ga concentration x in the CuIn 1−x Ga x Se 2 -based MTJs. We further study the relationship between the band gaps in the barriers and MR ratios by changing the Coulomb repulsions in the Cu 3d states of the CIS and CGS. It is shown that the barrier with a larger band gap yields a larger MR ratio. The comparison of MR ratios and RA between the CIS-, CGS-, and MgO-based MTJs are also given.
Magnetoresistive (MR) devices with high MR ratios and low resistance-area products (RA) are required for realizing read sensors of ultrahigh density hard disk drives and Gbit class spin transfer torque magnetoresistive random access memories (STT-MRAMs). Various attempts have been made to reduce RA of MgO-based MTJs 1,2 to less than 1 Ω µm 2 while keeping high tunneling magnetoresistance (TMR) ratios. Elaborate techniques to deposit ultrathin MgO barriers (∼ 1nm) have been established, [3] [4] [5] which enabled the reduction of the RA to ∼ 1 Ω µm 2 keeping the high MR ratio of around 200 % at room temperature. On the other hand, the use of half-metallic Co-based Heusler alloys as ferromagnetic (FM) electrodes increased the value of the MR ratio in low-RA current-perpendicular-to-plane giant magnetoresistive (CPP-GMR) devices. [6] [7] [8] [9] [10] [11] The highest MR ratio reported so far is 82 % at room temperature for the Co 2 FeGa 0. atomic layers of GaAs. Moreover, they took into account the spin-orbit interaction and found that the effect of the interaction is significant for sufficiently thick barriers (≫ 20 atomic layers ∼ 2.8 nm). Although these theoretical approaches have predicted large MR ratios, such notable output has not been experimentally observed in the ZnSe-and GaAs-based MTJs; only a small MR ratio (< 2%) has been reported in the GaAs-based MTJs. In this work, we study transport properties of two MTJs with different barriers, CuInSe 2 (CIS) and CuGaSe 2 (CGS), which are the terminal compounds of CuIn 1−x Ga x Se 2 mixed crystal. Since the band gap of CuIn 1−x Ga x Se 2 continuously increases as x increases, the CIGS is located between CIS and CGS not only chemically but also physically. Therefore, the present study for the CIS and CGS terminal compounds is sufficient to obtain enough information on the CIGS-based MTJ. As electrodes, we adopt ferromagnetic bcc Fe with well-known band structure. Since the a-axis length of the CIS (CGS) is almost twice as long as that of bcc Fe, the lattice mismatch between them is expected to be quite small. Note that we do not consider the effect of the spin-orbit interaction in this work, because we focus on thin barrier of ∼ 2 nm, in which the effect of the spin-orbit interaction is sufficiently small as shown in the related study on the MTJ with a GaAs barrier. the CIGS-based MTJ. 12 We fixed the a-axis length to 0.5782 nm in the case of CIS 17 and to 0.5614 nm in the case of CGS. 18 As termination layers, we selected Se layers, which is 3 also based on the TEM observation results in the experimental work. 12 We next optimized the positions of atoms in the supercells by using the density-functional theory within the generalized-gradient approximation which is implemented in the Vienna ab-initio simulation program (VASP). 19, 20 In this optimization, we used 10 × 10 × 1 k-point mesh and assume that the spins of all Fe atoms align parallel each other. As the result of the calculation, the distance between Fe and Se layers in the CIS-based (CGS-based) supercell is determined as ∼ 0.167 nm (∼ 0.144 nm) in the left boundary and as ∼ 0.168 nm (∼ 0.151 nm) in the right boundary. Such a difference in the distance between the left and right boundaries is due to the lack of the inversion symmetry along the c-axis in the CIS and CGS.
To discuss the transport properties of the CIS-and CGS-based MTJs, we consider the quantum open system composed of the above-mentioned supercell attached to the left and right semi-infinite electrodes of Fe atoms. The conductance calculations were done with the aid of the quantum code ESPRESSO. 21 In the present work, the Coulomb repulsion U for the Cu 3d states in the barriers was taken into account to investigate the change in the MR ratio by changing the amplitude of the band gap systematically. calculations and experiments. We see that the complex band with the ∆ 1 components has the smallest imaginary part κ min = |Im(k z )| min around the Fermi level in both CIS and CGS.
This means that the propagating state with the ∆ 1 components in the electrode couple to the evanescent state (κ min ) in the barrier and makes the largest contribution to the tunneling conductance.
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In Fig. 3 Fig. 4(a) , we show the MR ratios and RA for the CIS-and CGS-based MTJs with U = 0, 5, and 10 eV. As the repulsion U becomes larger, the MR ratio and RA become higher in both the MTJs. It is also found that for a fixed repulsion U, the CGS-based MTJ has a larger MR ratio and higher RA than those of the CIS-based MTJ. From these, we can conclude, at least for the CIS-and CGS-based MTJs, that a larger gap system has a larger MR ratio and higher RA. 
